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(57) ABSTRACT

One illustrative method disclosed herein includes, among
other things, performing first and second in situ doping,
epitaxial deposition processes to form first and second layers
of in situ doped epi semiconductor material, respectively,
above a semiconductor substrate, wherein one of the first
and second layers has a high level of germanium and a low
level of P-type dopant material and the other of the first and
second layers has a low level of germanium and a high level
of P-type dopant material, and performing a mixing thermal
anneal process on the first and second layers so as to form
the final silicon germanium material having a high level of
germanium and a high level of P-type dopant material.

27 Claims, 4 Drawing Sheets
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METHODS OF FORMING DOPED
EPITAXIAL SIGE MATERIAL ON
SEMICONDUCTOR DEVICES

BACKGROUND OF THE INVENTION

1. Field of the Invention

Generally, the present disclosure relates to the manufac-
ture of semiconductor devices, and, more specifically, to
various methods of forming doped epitaxial silicon germa-
nium (S81,Ge,_,) material on semiconductor devices.

2. Description of the Related Art

The fabrication of advanced integrated circuits, such as
CPU’s, storage devices, ASIC’s (application specific inte-
grated circuits) and the like, requires the formation of a large
number of circuit elements in a given chip area according to
a specified circuit layout, e.g., field effect transistors (NMOS
and PMOS ftransistors), resistors, capacitors, etc. A field
effect transistor, irrespective of whether an NMOS transistor
or a PMOS transistor is considered, typically comprises
doped source and drain regions that are formed in a semi-
conducting substrate that are separated by a channel region.
A gate insulation layer is positioned above the channel
region and a conductive gate electrode is positioned above
the gate insulation layer. By applying an appropriate voltage
to the gate electrode, the channel region becomes conductive
and current is allowed to flow from the source region to the
drain region. Such transistor devices come in a variety of
shapes and forms, e.g., planar transistor devices, FinFET
devices, etc.

The formation of epitaxial semiconductor material, such
as SiGe, SiC, is a very common process operation when
manufacturing semiconductor devices. For example, such
epi semiconductor materials are formed in various locations
on various areas of the integrated circuit devices. Such epi
semiconductor materials are frequently formed in the
source/drain regions of transistor devices. More specifically,
it is often the case that transistor devices are formed with
raised or embedded source/drain regions that include an epi
semiconductor material. In general, a raised source/drain
region involves the formation of such epi semiconductor
material above the surface of the semiconducting material,
whereas formation of an embedded source/drain region
involves formation of a recess in the substrate and thereafter
filling the recess with the epi semiconductor material.

In manufacturing PMOS devices, device manufacturers
typically form epi SiGe materials in the source/drain regions
of the device. Since the device is a PMOS device, the
source/drain regions must eventually be doped with a P-type
dopant material, e.g., boron, boron di-fluoride, etc., for the
device to operate as intended. In many cases, it is desirable
to form such SiGe materials with different germanium
content and with different dopant concentration levels. How-
ever, using existing processing techniques, it is very difficult
to form an SiGe layer with a relatively high percentage of
germanium (greater than 50% Ge) and a relatively high
concentration of P-type dopant (e.g., 2-3¢>° ions/cm’). One
prior art technique for forming such an SiGe layer involves
epi growth of a single layer of SiGe, , (40% Ge) with in situ
doping of the P-type dopant such that the resulting single
layer of SiGe,, , has a dopant concentration of about 2-3e2°
ions/cm® of the P-type dopant material. Another prior art
technique for forming such an SiGe layer involves epi
growth of a single layer of SiGe, , (40% Ge) and thereafter
performing an ion implantation process to implant the
P-type dopant such that the resulting single layer of SiGe, ,
has a dopant concentration of about 2-3e*° ions/cm® of the
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P-type dopant material. However, performing ion implanta-
tion processes can generate a significant amount of lattice
defects, thereby making the nanostructured region defective.
Unfortunately, in the case of forming the P-doped epi SiGe
layer with in situ doping, if the germanium percentage is
increased, there will be an associated decrease in the amount
of the P-type dopant that can be incorporated into the layer
of epi SiGe material during the epi formation process.

The present disclosure is directed to various methods of
forming doped epitaxial SiGe material on semiconductor
devices that may solve or reduce one or more of the
problems identified above.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the
invention in order to provide a basic understanding of some
aspects of the invention. This summary is not an exhaustive
overview of the invention. It is not intended to identify key
or critical elements of the invention or to delineate the scope
of'the invention. Its sole purpose is to present some concepts
in a simplified form as a prelude to the more detailed
description that is discussed later.

Generally, the present disclosure is directed to various
methods of forming doped epitaxial silicon germanium
(Si,Ge, ) material on semiconductor devices. One illustra-
tive method disclosed herein includes, among other things,
performing first and second in situ doping, epitaxial depo-
sition processes to form first and second layers of in situ
doped epi semiconductor material, respectively, above a
semiconductor substrate, wherein one of the first and second
layers has a high level of germanium and a low level of
P-type dopant material and the other of the first and second
layers has a low level of germanium and a high level of
P-type dopant material, and performing a mixing thermal
anneal process on the first and second layers so as to form
the final silicon germanium material having a high level of
germanium and a high level of P-type dopant material.

Another illustrative method involves, among other things,
performing a first in situ doping, epitaxial deposition process
to form a first layer of in situ P-doped epi semiconductor
material on a surface of a silicon substrate, performing a
second in situ doping, epitaxial deposition process to form
a second layer of in situ P-doped epi semiconductor material
on the first layer, wherein the first layer has a high level of
germanium and a low level of P-type dopant material and the
second layer has a low level of germanium and a high level
of P-type dopant material, and performing a mixing thermal
anneal process on the first and second layers so as to form
the final silicon germanium material having a high level of
germanium and a high level of P-type dopant material.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be understood by reference to the
following description taken in conjunction with the accom-
panying drawings, in which like reference numerals identify
like elements, and in which:

FIGS. 1A-1G depict various methods disclosed herein for
forming doped epitaxial silicon germanium (Si,Ge, ) mate-
rial on semiconductor devices.

While the subject matter disclosed herein is susceptible to
various modifications and alternative forms, specific
embodiments thereof have been shown by way of example
in the drawings and are herein described in detail. It should
be understood, however, that the description herein of spe-
cific embodiments is not intended to limit the invention to
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the particular forms disclosed, but on the contrary, the
intention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the inven-
tion as defined by the appended claims.

DETAILED DESCRIPTION

Various illustrative embodiments of the invention are
described below. In the interest of clarity, not all features of
an actual implementation are described in this specification.
It will of course be appreciated that in the development of
any such actual embodiment, numerous implementation-
specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and
business-related constraints, which will vary from one
implementation to another. Moreover, it will be appreciated
that such a development effort might be complex and
time-consuming, but would nevertheless be a routine under-
taking for those of ordinary skill in the art having the benefit
of this disclosure.

The present subject matter will now be described with
reference to the attached figures. Various structures, systems
and devices are schematically depicted in the drawings for
purposes of explanation only and so as to not obscure the
present disclosure with details that are well known to those
skilled in the art. Nevertheless, the attached drawings are
included to describe and explain illustrative examples of the
present disclosure. The words and phrases used herein
should be understood and interpreted to have a meaning
consistent with the understanding of those words and
phrases by those skilled in the relevant art. No special
definition of a term or phrase, i.e., a definition that is
different from the ordinary and customary meaning as
understood by those skilled in the art, is intended to be
implied by consistent usage of the term or phrase herein. To
the extent that a term or phrase is intended to have a special
meaning, i.e., a meaning other than that understood by
skilled artisans, such a special definition will be expressly
set forth in the specification in a definitional manner that
directly and unequivocally provides the special definition for
the term or phrase.

The present disclosure is directed to various methods of
forming doped epitaxial silicon germanium (Si,Ge, _,) mate-
rial on semiconductor devices. The methods disclosed
herein may be employed to form epi SiGe on any portion of
any type of a semiconductor device. For purposes of dis-
closing the present invention, this application will depict the
illustrative example wherein the epi SiGe material is formed
for the source/drain regions of an illustrative planar device.
Of course, the methods disclosed herein may be used to form
epi SiGe material on 3D devices, such as a FinFET device.
The method disclosed herein may be employed in manufac-
turing either an N-type device or a P-type device, and the
gate structure of such devices may be formed using either
so-called “gate-first” or “replacement gate” (“gate-last™)
techniques. As will be readily apparent to those skilled in the
art upon a complete reading of the present application, the
present method is applicable to a variety of devices, includ-
ing, but not limited to, logic devices, memory devices, etc.,
and the methods disclosed herein may be employed to form
P-type semiconductor devices. With reference to the
attached figures, various illustrative embodiments of the
methods and devices disclosed herein will now be described
in more detail.

FIG. 1A (cross-sectional view) depicts an illustrative
transistor device 10 that may be formed in accordance with
the methods disclosed herein. The device 10 is formed above
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a semiconductor substrate 12. The illustrative substrate 12
may be a bulk semiconductor substrate, or it may be the
active layer of a so-called SOI (silicon-on-insulator) sub-
strate or a so-called SGOI (silicon/germanium on insulator)
substrate. Thus, the terms “substrate,” “semiconductor sub-
strate” or “semiconducting substrate” should be understood
to cover all semiconductor materials and all forms of such
semiconductor materials. The device 100 may be either a
P-type FinFET device or an N-type FinFET device.

As shown in FIG. 1A, the process includes the formation
of an illustrative planar transistor structure 10 above the
semiconducting substrate 12 in an active area defined by a
shallow trench isolation structure 13. At the point of fabri-
cation depicted in FIG. 1A, the device 10 includes a gate
insulation layer 14, a gate electrode 15, a gate cap layer 16
and sidewall spacers 18. Also depicted are illustrative
regions where a source region (20S) and a drain region
(20D) for the device 10 will be formed. The various com-
ponents and structures of the device 10 may be formed using
a variety of different materials and by performing a variety
of known techniques. For example, the gate insulation layer
14 may be comprised of silicon dioxide, the gate electrode
15 may be comprised of polysilicon and the gate cap layer
16 and the sidewall spacers 18 may be comprised of silicon
nitride. Of course, those skilled in the art will recognize that
there are other features of the transistor 10 that are not
depicted in the drawings for purposes of clarity. For
example, so-called halo implant regions are not depicted in
the drawings, as well as various layers or regions of silicon
germanium that are typically found in high-performance
PMOS transistors. The gate structure depicted in FIG. 1A,
i.e., the gate insulation layer 14 and the gate electrode 15, are
intended to be representative in nature as the gate structure
may be a final gate structure or a sacrificial gate structure
that is used in forming transistor devices using a replace-
ment gate process.

As shown in FIG. 1B, one or more etching processes are
performed to form recesses 22 in the substrate 12. The depth
of the recesses 22 may vary depending upon the particular
application. A masking layer, e.g., a photoresist mask, that
may be employed in forming the cavities 22 is not depicted
in FIG. 1B. As will be appreciated by those skilled in the art
after a complete reading of the present application, the
methods disclosed herein may be employed in forming
transistor devices 10, with or without the formation of the
recesses 22, i.e., the epi SiGe material may be formed as part
of a raised source/drain region of the device 10.

In general, the methods disclosed herein involve forming
a final doped SiGe semiconductor material having a high
amount of germanium (which as used herein and in the
claims shall mean a layer of SiGe with a germanium
concentration of 50% or greater) and a high concentration of
P-type dopant material (which as used herein and in the
claims shall mean a dopant concentration of at least 2-3e*°
ion/cm®) by forming a plurality of in situ doped layers of epi
semiconductor material, wherein the layers of in situ doped
epi semiconductor material (1) have different germanium
concentrations and/or (2) different concentrations of the
P-doped dopant material.

FIG. 1C depicts an illustrative example wherein four
illustrative layers of in situ doped epi semiconductor mate-
rial are sequentially formed in the cavities 22 in the substrate
12. In the example depicted in FIG. 1C, a plurality of epi
semiconductor material layers 24-27 are sequentially
formed in the cavities 22. More specifically, in one particular
embodiment, the first epi semiconductor layer 24 is a layer
of in situ doped epi SiGe material that was formed on the
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substrate 12 in the cavity 22; the second epi semiconductor
layer 25 is a layer of in situ doped epi silicon that was
formed on the first epi semiconductor layer 24; the third epi
semiconductor layer 26 is a layer of in situ doped epi SiGe
material that was formed on the second epi semiconductor
layer 25; and the fourth epi semiconductor layer 27 is a layer
of in situ doped epi silicon that was formed on the third epi
semiconductor layer 26. As will be appreciated by those
skilled in the art after a complete reading of the present
application, the four layers depicted in FIG. 1C are by way
of' example as any desired number of such layers of material
may be formed on the device 10. The alternating layers may
be formed in any desired order, e.g., the silicon layers may
be formed before the SiGe layers are formed. Moreover, the
number of layers of different types of material, e.g., SiGe,
Ge, Si, need not be the same in the cavities 22. For example,
in the example depicted in FIG. 1C, the second layer of epi
silicon 25 may be omitted. In some cases, the layers of
material depicted in FIG. 1C need not be formed in a
sequentially interleaved fashion. That is, with reference to
FIG. 1C, the epi silicon layer 25 may be omitted such that
the epi SiGe layer 26 is formed on the epi SiGe layer 24. In
other cases, all of the layers 24-27 may be layers of epi SiGe
material with different levels of germanium and different
concentrations of P-type dopant materials.

Additionally, in the example depicted in FIG. 1C, the
layers 24-27 are depicted as each being formed to substan-
tially the same thickness. However, the various layers 24-27
may all be formed to different thicknesses, as depicted in
FIG. 1D.

The presently disclosed inventions are not limited to the
illustrative example wherein layers of epi semiconductor
material are formed in recesses 22 that are formed in the
substrate 12. Rather, as depicted in FIG. 1E, the methods
disclosed herein may be employed in forming the epi
semiconductor materials discussed herein above the surface
of'the substrate 12, i.e., the methods disclosed herein may be
used in forming epi semiconductor material for raised
source/drain regions on transistor devices. For purposes of
disclosing the present invention, the embodiment depicted in
FIG. 1C will be referenced in the remainder of this appli-
cation.

In general, the layers 24-27 of epi semiconductor material
will be formed with different amounts of germanium and
different concentrations of P-type dopant material. The
layers 24-27 may be made of substantially pure silicon,
substantially pure germanium or silicon-germanium (Si;
Ge,), where x ranges from 0 to 1. In the case of a silicon-
germanium material, the value of X is greater than O but less
than 1. In general, one or more of the epi semiconductor
materials 24-27 will be formed with a high level of germa-
nium (which as used herein and in the claims shall mean a
layer of epi semiconductor material with a germanium
concentration of 50% or greater) with a low concentration of
the P-type dopant material (which as used herein and in the
claims shall mean a dopant concentration of less than 1e*°
ion/cm®). Of course, in the case where there are two such
layers of material, e.g., the layers 24 and 26, the amount of
germanium and/or the concentration of P-type dopant in the
layers 24, 26 may be different from one another. Continuing,
an additional one or more of the layers of epi semiconductor
material, e.g., the layers 25 and 27, will be formed with a
low level of germanium (which as used herein and in the
claims shall mean a layer of epi semiconductor material with
a germanium concentration of less than 50%) with a high
concentration of the P-type dopant material (which as used
herein and in the claims shall mean a dopant concentration
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of at least 2¢*° ion/cm®). Of course, the concentration of
P-type dopant in the layers 25, 27 may be different from one
another.

FIGS. 1F-1G depict the device 10 after a mixing thermal
anneal process 30 was performed on the device so as to
produce the final silicon germanium material 32 (see FIG.
1G) having the desired high level of germanium and the
desired high concentration of the P-type dopant material.
The mixing thermal anneal process 30 causes the germa-
nium and dopant materials to migrate from and among the
various layers of epi semiconductor material 24-27 to
thereby form the final silicon germanium material 32. In one
illustrative embodiment, the mixing thermal anneal process
30 may be performed at a temperature that falls within the
range of about 600-1100° C. using an RTA furnace, a laser
anneal process or a traditional furnace, depending upon the
particular application. In general, the longer the duration of
the mixing thermal anneal process 30 or high-temperature
spike anneal, the more complete will be the mixing of the
germanium and P-type dopant materials from the layers
24-27, and the lower may be the temperature used in the
mixing thermal anneal process 30. Conversely, the shorter
the duration of the mixing thermal anneal process 30, the
less complete will be the mixing of the germanium and
P-type dopant materials from the layers 24-27, and the
higher may be the temperature used in the mixing thermal
anneal process 30. At a high level, the methods disclosed
herein involve establishing a target value for the germanium
content and the P-type dopant concentration in the final
silicon germanium material 32 for the device. Thereafter, the
germanium concentration, P-type dopant concentration and
thickness of each of the multiple layers of the in situ doped
semiconductor material layers, e.g., the layers 24-27, are
engineered and selected such that, after the mixing thermal
anneal process 30 is performed, the resulting final silicon
germanium material 32 will have the target or desired high
level of germanium and high concentration of the P-type
dopant material. The multiple layers of epi semiconductor
material, e.g., the layers 24-27, are essentially a volume of
material, each of which contribute a portion of the germa-
nium and P-type dopants that will be present in the final
SiGe material 32 after the mixing thermal anneal process 30
is performed. By formation of the multiple layers of in situ
doped epi semiconductor layer as disclosed herein and
thereafter performing the mixing thermal anneal process 30,
the final silicon germanium material 32 may be formed with
a higher germanium content and higher P-type dopant
material concentration than can be obtained by either (1)
forming the final epi semiconductor material as a single
layer of material that is doped in situ, or (2) by forming a
single layer of epi SiGe material and thereafter performing
an ion implantation process to introduce P-type dopants into
the single layer of epi SiGe material. Of course, an ion
implantation process may be performed to introduce addi-
tional P-type dopant materials into layers 24-27 and/or the
final epi SiGe material 32.

The particular embodiments disclosed above are illustra-
tive only, as the invention may be modified and practiced in
different but equivalent manners apparent to those skilled in
the art having the benefit of the teachings herein. For
example, the process steps set forth above may be performed
in a different order. Furthermore, no limitations are intended
to the details of construction or design herein shown, other
than as described in the claims below. It is therefore evident
that the particular embodiments disclosed above may be
altered or modified and all such variations are considered
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within the scope and spirit of the invention. Accordingly, the
protection sought herein is as set forth in the claims below.

What is claimed:

1. A method of forming a final silicon germanium mate-
rial, the method comprising:

performing first and second in situ doping, epitaxial

deposition processes to form first and second layers of
in situ doped epi semiconductor material, respectively,
above a semiconductor substrate, wherein one of said
first and second layers has a high level of germanium
and a low level of P-type dopant material and the other
of said first and second layers has a low level of
germanium and a high level of P-type dopant material;
and

performing a mixing thermal anneal process on said first

and second layers, wherein said germanium and P-type
dopant materials comprising each of said first and
second layers migrate from and among said first and
second layers during said mixing thermal anneal pro-
cess so as to form said final silicon germanium material
comprising an entirety of said first layer and an entirety
of said second layer, an entirety of said final silicon
germanium material formed by said mixing thermal
anneal process having a high level of germanium and a
high level of P-type dopant material.

2. The method of claim 1, wherein said substrate is a
silicon substrate, said first layer is formed on said substrate
and said second layer is formed on said first layer.

3. The method of claim 1, wherein said substrate is a
silicon substrate, said second layer is formed on said sub-
strate and said first layer is formed on said second layer.

4. The method of claim 1, wherein said substrate is a
silicon substrate, said first layer is silicon germanium (Si, .
xQe,), where x has a value greater than 0.5 but less than 1,
and said second layer is substantially pure silicon.

5. The method of claim 1, wherein said substrate is a
silicon substrate, said first layer is silicon germanium (Si, .
»(Ge, ), where X has a value greater than 0 but less than 1, and
said second layer is silicon germanium (Si,_,Ge,), where x
has a value greater than O but less than 1.

6. The method of claim 1, wherein performing said
mixing thermal anneal process comprises performing said
mixing thermal anneal process at a temperature that falls
within the range of 600-1100° C.

7. The method of claim 1, wherein, prior to forming said
first and second layers, the method further comprises form-
ing a recess in said substrate and thereafter forming said first
and second layers in said recess.

8. The method of claim 1, wherein one of said first and
second layers is formed on and in contact with an upper
surface of said substrate.

9. The method of claim 1, wherein said first and second
layers are formed to the same thickness.

10. The method of claim 1, wherein said first and second
layers are formed to different thicknesses.

11. The method of claim 1, where one of said first and
second layers is substantially pure germanium or substan-
tially pure silicon.

12. The method of claim 1, further comprising performing
an ion implantation process to implant additional P-type
dopant material into one of said first and second layers.

13. The method of claim 1, wherein said final silicon
germanium material is part of a source or a drain region of
a transistor device.

14. The method of claim 1, wherein a germanium con-
centration in each of said first and second layers is different.
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15. A method of forming a final silicon germanium
material, the method comprising:

performing a first in situ doping, epitaxial deposition

process to form a first layer of in situ P-doped epi
semiconductor material on a surface of a silicon sub-
strate;

performing a second in situ doping, epitaxial deposition

process to form a second layer of in situ P-doped epi
semiconductor material on said first layer, wherein said
first layer has a high level of germanium and a low level
of P-type dopant material and said second layer has a
low level of germanium and a high level of P-type
dopant material; and

performing a mixing thermal anneal process on said first

and second layers, wherein said germanium and P-type
dopant materials comprising each of said first and
second layers migrate from and among said first and
second layers during said mixing thermal anneal pro-
cess so as to form said final silicon germanium material
comprising an entirety of said first layer and an entirety
of said second layer, an entirety of said final silicon
germanium material formed by said mixing thermal
anneal process having a high level of germanium and a
high level of P-type dopant material.

16. The method of claim 15, wherein said first layer is
silicon germanium (Si(,_,,Ge,), where x has a value greater
than 0.5 but less than 1, and said second layer is substantially
pure silicon.

17. The method of claim 15, wherein said first layer is
silicon germanium (Si,_,Ge,), where x has a value greater
than 0.5 but less than 1, and said second layer is silicon
germanium (Si(,_,,Ge,), where x has a value greater than 0
but less than 0.5.

18. The method of claim 15, wherein performing said
mixing thermal anneal process comprises performing said
mixing thermal anneal process at a temperature that falls
within the range of 600-1100° C.

19. The method of claim 15, wherein, prior to forming
said first and second layers, the method further comprises
forming a recess in said substrate and thereafter forming said
first and second layers in said recess.

20. The method of claim 15, wherein said first and second
layers are formed to the same thickness.

21. The method of claim 15, wherein said first and second
layers are formed to different thicknesses.

22. The method of claim 15, where one of said first and
second layers is substantially pure germanium or substan-
tially pure silicon.

23. The method of claim 15, further comprising perform-
ing an ion implantation process to implant additional P-type
dopant material into one of said first and second layers.

24. The method of claim 15, wherein said final silicon
germanium material is part of a source or a drain region of
a transistor device.

25. A method of forming a final silicon germanium
material, the method comprising:

performing a first in situ doping, epitaxial deposition

process to form a first layer of in situ P-doped epi
semiconductor material on a surface of a silicon sub-
strate;

performing a second in situ doping, epitaxial deposition

process to form a second layer of in situ P-doped epi
semiconductor material on said first layer, wherein said
first layer has a low level of germanium and a high level
of P-type dopant material and said second layer has a
high level of germanium and a low level of P-type
dopant material; and
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performing a mixing thermal anneal process on said first
and second layers, wherein said germanium and P-type
dopant materials comprising each of said first and
second layers migrate from and among said first and
second layers during said mixing thermal anneal pro-
cess so as to form said final silicon germanium material
comprising an entirety of said first layer and an entirety
of said second layer, an entirety of said final silicon
germanium material formed by said mixing thermal
anneal process having a high level of germanium and a
high level of P-type dopant material.

26. The method of claim 25, wherein said first layer is
substantially pure silicon and said second layer is silicon
germanium (Si,_,Ge,), where x has a value greater than 0.5
but less than 1.

27. The method of claim 25, wherein said first layer is
silicon germanium (Si(,_,,Ge,), where x has a value greater
than O but less than 0.5, and said second layer is silicon
germanium (Si, ,Ge,), where x has a value greater than 0.5
but less than 1.
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